Brain metabolism was measured with positron emission tomography and [IlCldeoxyglucose during base line and during a visual task in 12 normal subjects and 18 schizophrenic patients, Global measures of metabolism for 11 brain regions were transformed into relative values by dividing them by the metabolic value for whole brain, Factor analysis was accomplished on the matrix of inter correlations among the relative regional values for the normal and for the schizophrenic patients under baseline and under the task, Four factors that revealed indepen dently varying metabolism in frontal, occipital, lcft-Abbreviations used: ANOVA, analysis of variance; PET, posi tron emission tomography,
The introduction of positron emission tomog raphy (PET) into neuropsychiatric research has made possible the direct investigation of regional brain functionality, It has provided a way of ob taining regional measurement on cerebral blood flow and glucose and oxygen metabolism (Phelps et aI., 1982) and has facilitated the study of the meta bolic organization of the brain (Metter et aL, 1984a) , To investigate the interaction between various brain areas, several investigators have ex amined correlation coefficients among metabolic values from different brain regions (Horwitz et aI., 1984) . This approach has been utilized to study normal subjects as well as neurologic and psychi atric patients, and has shown altered patterns of re gional interaction in psychiatric and neurologic pa tients when compared with normal individuals (Metter et aI., 1984b) . The data obtained from such analyses have also been of help in beginning to un derstand basic functional relationships within the brain (Prohovnik et aI., 1980) . The large number of versus-right hemisphere, and subcortical structures were obtained, The frontal and subcortical factors discrimi nated between normal subjects and schizophrenic pa tients, whereas the occipital factor discriminated be tween baseline and task, Although activity in these indi vidual regions varied significantly, it was the pattern of differences in regional metabolic activity that best dis criminated between diagnostic groups and testing condi tions, Key Words: Brain images-Cerebral metabolism -[IIC1Deoxyglucose-Factor analyses-Positron emis sion tomography-Schizophrenia, possible correlation coefficients, however, renders it difficult to evaluate their significance and to in terpret their physiological meaning. Also, many of the correlation coefficients include redundant infor mation. For example, a single functionally inte grated unit may be represented by correlations among several anatomically discrete regions.
Factor analysis has, in many applications, pro vided a meaningful way of summarizing the pattern of interactive relationships within a complex multi variate domain (Overall and Klett, 1972; Cattel, 1978) . This is achieved by replacing clusters of highly correlated variables with single "factors" and then examining the patterns of correlations, or "factor loadings, " between the more numerous original variables and the reduced number of factors , Each factor identifies a distinct set of vari ables that are associated by a unique functional re lationship, which may be either integrative or recip rocaL The factors are understood to represent pri mary ways that individuals differ from one another in their total measurement profiles. In the present investigation, factor analysis is used to identify the number and regional extent of brain areas that vary across individuals (or stimulus conditions) as a functional unit, either integrative or reciprocal. It is proposed that these anatomical boundaries must be considered in order to describe adequately most gross differences in brain metabolic activity be tween individuals or experimental conditions.
MATERIALS AND METHODS
The control group consisted of 12 healthy normal vol unteers, 23-47 years of age, screened for absence of psy chopathology. The patient population consisted of 18 chronic schizophrenic patients, 22-4 1 years of age (mean 32.5 years) who fulfilled Diagnostic Statistical Manual III (1980) � rit . eria for schizophrenia (12 of the patients were hospitalIzed at the time of the study and 6 came f � om the outpatient service of Bellevue Psychiatric Hos pital, New York, NY, U.S.A.). Mean duration of illness for this group of patients was 11.5 years. Patients were evaluated independently by two psychiatrists for concor dance of diagnosis. All of the patients were stabilized with neuroleptic medication. A complete physical and neurological exam was done on controls and patients to e . nsure absence of medical illness . All subjects were nght-handed males. Informed consent was obtained for all subjects after the nature of the procedure was fully explained. The experimental procedure followed the eth ical principles of the Committee for the Protection of Human Subjects of New York University.
Before . the PET studies were initiated, the sensitivity of the machIne was tested using a gallium-68 phantom ring.
?nce this was accomplished, the subject was positioned In the PET camera and a transmission image was ob tained using the same gallium-68 ring . This image was then used to correct for attenuation. Brain glucose me tabolism was assessed 40 min after venous bolus injection of 7 -15 mCi of ["Cldeoxyglucose using the PET VI (full width at half-maximum 11.3 mm). A total of at least I x 106 counts per slice was obtained. During the procedure, blood samples were obtained from an arterialized vein using a hand-warmer device to monitor for radioactive plasma concentration. The scanning and image recon struction were done using standard procedures (Reivich et a!., 1982) . Each subject was scanned twice, once under baseline conditions (eyes open, ears plugged) and 3 h later while engaged in an eye-tracking visual task. The task was presented on a television monitor throughout the first 30 min of the uptake period. The stimulus con sisted of a geometric figure which moved in a pendular fashion changing its shape randomly every 1.0 s. As a monitoring task, subjects were instructed to respond with a right foot twitch if the shape was the same as the one immediately preceding, except vertically reversed. Four teen parallel metabolic images 8 mm apart vertically were obtained from each scan. The two uppermost and two lowermost images were excluded from analysis because of partial volume effects of contiguous bone (Mazziotta et a!., 198 1). The remaining 10 slices were partitioned into an . atomically distinct regions by superimposing bound anes from the standard neuroanatomical atlas of Matsui and Hirano (1978) onto individual computed tomography scans and then outlining corresponding regions in the metabolic images with a light pen on a video screen. A c ? mpu�er program averaged the metabolic activity for pixels In corresponding anatomical regions from the dif ference slices. This resulted in estimates of metabolic ac tivity in 11 discrete anatomical regions corresponding to left and right projections of frontal, parietal, temporal, J Cereb Blood Flow Metab, Vol. 6, No.4, /986 and occipital lobes, left and right basal ganglia, and thal amus. An estimate of whole-brain and of whole-brain gray metabolic rate was calculated by averaging pixel values of the whole brain and the cortical and subcortical gray matter, respectively.
Because interest in this investigation focused on indi vidual differences in the pattern of regional metabolic ac tivity, absolute counts for the II anatomical regions and for whole-brain gray were expressed relative to whole brain activity. The resulting measures will be termed "relative metabolic activity." Factor analyses of inter correlation among the relative metabolic measures were undertaken separately for the normal subjects and for the schizophrenic patients. A normalized varimax rotation of the principal axis factors with associated eigenvalues of > 1 produced similar orthogonal simple structure in each case (Cattell, 1978) . Factor analyses of intercorrelations among relative regional metabolic activity measures were first undertaken separately for baseline and visual task conditions, and then another factor analysis was accom plished across both baseline and visual task conditions. The results from these separate analyses appeared quite consistent in identifying the same primary regional inter actions. Consequently, a single set of "factor scores" w � s calculated for each individual by algebraically sum mIng the metabolic activity measures across anatomical regions that related most highly to each factor. Validity of the factor model for discriminating between schizo phrenic and normal groups, as well as between baseline and visual task conditions, was then examined using a multivariate analysis of variance (ANOVA) appropriate f � r a . repeated measures (baseline/visual task) design. The
Pillal-Bartlett F test was used to evaluate the signifi cance of difference in multivariate factor score profiles between diagnostic groups and between baseline and vi sual task (Pillai, 1955) . Univariate ANOVA F tests were then used to evaluate the statistical significance of within-and between-subject effects for the individual factors.
A summary of the statistical procedure is as follows:
(a) transformation of the absolute metabolic measure ments into relative values; (b) obtention of correlation coefficients among relative values; (c) factor analyses of correlations using a normalized varimax rotation of the principal axis; (d) calculation of "factor scores" for each individual; (e) multivariate ANOVA for repeated mea sures (baseline/visual tasks); (f) Pillai-Bartlett F test for difference in multivariate factor scores; (g) univariate ANOVA for differences within and between subject ef fects for individual factors.
RESULTS
The absolute metabolic values for the whole brain gray during baseline were 39.67 mol glucose/ 100 g/min for the normal subjects and 35.87 mol glucose/IOO g/min for the schizophrenic patients.
For the task the values were 39.76 mol glucose/IOO g/min for the normals and 36.49 mol glucose/IOO g/min for the schizophrenic patients. Though the schizophrenic subjects showed lower metabolic values than the normal subjects, this difference was not statistically significant.
U sing the absolute metabolic values for the whole brain to normalize the regional values (rela tive values) , we obtained four common factors for the normal individuals and for the schizophrenic patients separately. Although a mean shift in rela tive metabolic activity levels was observed between the factor scores obtained during baseline and the factor scores obtained during the task, the pattern of intercorrelations was essentially unchanged be tween the two conditions. Consequently, the re sults presented in Ta ble 1 derive from factor anal yses of relative regional metabolic activity profiles across both baseline and visual task conditions.
These four factors accounted for 72 and 69% of the total variance in the 12 measures of relative re gional metabolic activity for the normal subjects and for the schizophrenic patients, respectively.
The factor analysis confirms that adequate de scription of individual differences in regional meta bolic activity must take into consideration four major functionally interacting regions. The impor tant divisions can be characterized as frontal, oc cipital, and subcortical, with left/right hemispheric reciprocity cutting across the other three regional factors. Given estimates of metabolic activity in these major regions, one can effectively reproduce the more anatomically detailed profile. Ta ble 2
shows the mean factor score profile on which the univariate and multivariate tests of significance be tween baseline and visual task and between schizo phrenic patients and controls were accomplished.
The Pillai-Bartlett test for multivariate pattern dif ferences revealed that both main effects were sta tistically significant (p < 0. 00 1). The clear statis tical significance of the mean difference between baseline and visual task is supported by the fact Within the groups, univariate ANOVA revealed a significant decrease between baseline and task in frontal and subcortical (p < 0.001) and a trend to ward increase in occipital lobe (p < 0. 10) activity. It is also of interest to note that the analysis provided no evidence that the response to the visual task dif fered between schizophrenic and control subjects;
i.e., diagnosis x task interaction was nonsignifi cant.
The schizophrenic subjects in this study were somewhat older, on the average, than were the The multivariate ANOVA revealed that the con trast between frontal and subcortical metabolic ac tivity was most important in the discrimination be tween schizophrenic and normal control subjects.
Because the two factor scores are relatively inde pendent, a meaningful visual display of the differ ences between the groups results from using the factor scores as rectangular coordinate values to lo cate each subject in a two-dimensional scatter plot.
Scores used to produce this plot were each indi vidual's average factor scores across baseline and visual task conditions. It can readily be appreciated in the scatter plot shown in Fig. I that, with the exception of one control subject, the schizophrenic and normal subjects are clearly distinguishable in their patterns of regional metabolic activity utilizing the contrast function for the frontal and the subcor tical factors.
DISCUSSION
The results presented here emphasize the utility of factor analysis in summarizing the significant re lationships contained in correlations among mea sures of regional metabolic activity in PET brain images. This strategy simplifies the number of vari ables by decreasing the redundancy in the data. For phrenic (open squares) subjects using the frontal factor and the subcortical factor as coordinates. Subjects were plotted using their "factor scores" for the frontal and the subcortical factors.
J Cereb Blood Flow Metab, Vol. 6, No.4, 1986 this particular study, the basic structure of the brain images obtained for the normal and the schizo phrenic subjects was very similar. The four factors obtained (frontal, occipital, left/right, and subcor tical) were observed in both groups of SUbjects.
These same factors appeared when analyzing the data obtained both for the baseline state as well as for activation by the visual task. The fact that the same structure appeared under both conditions provides evidence of the strength of the findings. It is also interesting to note that what differentiated the normal subjects from the schizophrenic patients was not the organization of the factors but the dif ferent values for the factor scores in the normal and the schizophrenic groups. The normal subjects had consistently higher values for the frontal factor than the schizophrenic patients, whereas the latter had higher scores for the subcortical factor than did the former. These findings are in agreement with pre vious PET studies showing decreased metabolism in the frontal cortex of schizophrenic subjects when compared with normal individuals (Buchsbaum et aI., 1982 (Buchsbaum et aI., , 1984 Farkas et aI., 1984; Wolkin et aI., 1985) .
The physiological significance of the relation be tween the frontal cortex and the subcortical struc tures needs to be further investigated. It is well known that the subcortical structures have promi nent connections with the frontal lobes (Dray, 1980) . Subcortical structures are known to be rich in dopaminergic receptors, a system that appears to be implicated in the pathogenesis of schizophrenia (Van Praag, 1977) . Several investigators have de scribed schizophrenia as being a disorder of the basal ganglia (Lidzky et aI., 1979) . It is also well established that the subcortical structures have an important role in the activation of the whole brain (Schneider, 1984) . Physiological studies have also shown that the frontal cortex is highly connected with the rest of the brain; it also appears to partici pate in the overall organization of brain functioning (Milner and Petrides, 1984) . A disruption of the functional relationships between frontal and sub cortical structures therefore could lead to wide spread derangement in cerebral function. This is of relevance to schizophrenia because it is a disorder that appears to affect different levels of cerebral function. It has been categorized as an illness of af fect, thinking, attention, and perception (Cancro, 1980) . It is also interesting to note that visual activation did not change the organization of the brain from the baseline state. The way the task appeared to affect the brain was by slightly increasing the values obtained for the occipital factor both in the normal subjects as well as in the schizophrenic pa tients, but the more significant shifts were evident in decreased metabolic activity in both frontal cortex and subcortical structures. This is, of course, partly a reflection of the analysis of relative activity values. A rise in activity in one area must be reflected as a decrease in another, since all are calculated relative to whole-brain activity. We were unable to detect statistically significant differential cerebral processing of the task between the normal and the schizophrenic subjects based on analysis of the factor structure scores.
The fourth factor obtained in this investigation was a left-to-right hemisphere contrast factor. The scores obtained for this factor were not different between schizophrenic and normal SUbjects. This finding fails to support the hypothesis that schizo phrenia is a disease of the left hemisphere (Flor Henry and Geudall, 1979) . The scores obtained for this factor changed nonsignificantly between the baseline and the task. Despite the fact that for these testing conditions this factor did not help discrim inate between the normal subjects and the schizo phrenic patients or the baseline state and the visual task, its appearance as an independent factor sug gests the importance of this left-to-right asymmetry in characterizing individual differences. Effects of other testing conditions as well as of different emo tional states upon this factor should be investigated further.
Though results presented here are preliminary with respect to a full understanding of the organiza tion of the brain, they suggest the value of this strategy for identifying major functional relation ships. Although metabolic activity in II anatomi cally discrete brain regions was measured, the anal ysis revealed that only four functionally indepen dent factors account for the bulk of the differences in the regional metabolic profile patterns. The factor analysis thus suggested which distinct ana tomically defined brain structures may be consid APPENDIX Some specifics about the use of factor analysis in this investigation should be clarified. The principal axes method of factor analysis, like principal com ponents, is a powerful data reduction technique. In view of the necessarily small sample sizes, it was undertaken to define a manageable set of primary variables that could be used to study group differ ences without an excessive number of tests of sig nificance. It is important to note that the factor analyses were accomplished within the schizo phrenic and the normal groups sepamtely. Because of that, the factor structure was in no way deter mined or influenced by the group differences that were later tested for significance.
The factor analyses resulted in identification of four primary ways that the brain metabolic activity of one individual differs from that of another.
Though these dimensions explained most of the variability within the groups, they are not neces sarily the best to separate the groups.
Factor scores were then calculated to represent these primary dimensions of individual difference, each factor score simply being the algebraic sum of metabolic activity in brain regions identified with a single factor. Although various weighting schemes have been proposed to define "factor scores, " it is common practice in applied research to define factor scores as simple (algebraic) sums of scores on the subset of observed variables that relate most highly to each analytically derived factor. After an extended discussion of regression-derived differen tial weighting of observed variables for the defini tion of factor scores, Cattell (1978, p. 300) con cludes, "Seemingly in spite of the above theoretical arguments for graduated weighting, the present writer and several other investigators [six refer ences], given systematic trials of estimation methods, have found surprising little gain of exactly weighting over all-or-none weighting of variables." Accordingly, in this investigation we have calcu lated factor scores by simply summing observed measurements, with appropriate positive or nega tive signs, for the brain regions whose metabolic activity is most clearly related to each analytically derived factor. In this way, a single score is ob tained to represent the metabolic activity in each major functionally distinct brain region, which factor scores can be examined for differences asso ciated with diagnosis or stimulus conditions. Because the factor analyses were accomplished within schizophrenic and normal groups separately, and were thus uninfluenced by possible group dif ferences, it was legitimate to employ conventional tests of significance on the factor scores as if they were the original data. With only four factor scores to consider, it was possible to accomplish a multi variate ANOVA to evaluate the significance of group and treatment differences in a repeated mea sures (baseline/visual task) design. With the sample sizes available, it would not have been practical to accomplish such an analysis using the 11 original measurements or to employ directly discriminant function methods using the 11 original measures.
Although several alternative statistics can be calcu lated to test the significance of treatment effects in multivariate ANOVA designs, the Pillai -Bartlett test has been reported to be the most robust in its sensitivity to treatment effects under a variety of conditions.
